We present a scheme that enables gigahertz-bandwidth three-dimensional control of electron spins in a semiconductor heterostructure using a single voltage signal. Microwave modulation of the Landé g-tensor produces frequency-modulated electron spin precession. Driving at the Larmor frequency results in g-tensor modulation resonance, functionally equivalent to electron spin resonance but without the use of time-dependent magnetic fields. These results provide proof of concept that quantum spin information can be locally manipulated using high-speed electrical circuits.
Control of electron spin forms the basis for spintronics (1) and related solid state quantum information technologies (2) . In the latter case, coherent control over individual spins, together with controlled exchange interactions, form a gate set that is known to be universal for quantum computation (3) . For example, in nuclear magnetic resonance quantum computing experiments (4), nuclear spins are manipulated using a combination of static and radio-frequency magnetic fields. For qubits based on electron spins in semiconductors, local control over magnetic interactions is required. Early proposals suggested the used of electrical gates to bring electrons into contact with magnetic or high g-factor environments (5) . Subsequent ideas included methods to shift individual electrons into resonance with a global microwave magnetic field (6) as a means for local operations in the solid state. Experimentally, quasi-static electrical control over the g-factor has been recently demonstrated in a single semiconductor heterostructure (7) , lending hope that highbandwidth local control of electron spin could be achieved in a solid state device.
We demonstrate a new approach for controlling spin-based quantum information in semiconductors, one that exploits anisotropies in the Lande g-tensor and does not require microwave magnetic fields. An experimental technique is developed that allows gigahertz (GHz)-frequency voltage control and optical detection of electron spin in a capacitively gated GaAs/Al x Ga 1-x As semiconductor heterostructure. Voltage control of the Landé g-tensor changes both the magnitude and the direction of the spin precession vector Ω. GHz-frequency modulation of the magnitude of Ω corresponds to high-bandwidth frequency-modulated spin precession. Periodic changes in the direction of Ω lead to a new pathway for achieving resonance phenomena: g-tensor modulation resonance (g-TMR).
Electron spin dynamics can be described by an effective 
µ is time-independent and ( ) ( )
governs spin dynamics in the rotating frame. The effect of Ω 1 (t) can be seen by resolving it into components that are parallel and perpendicular to Ω 0 , such that Ω 1 (t) = Ω // (t) + Ω ⊥ (t). While Ω // (t) produces frequencymodulated spin precession, Ω ⊥ (t) = Ω ⊥ sin ωt leads to precession in the rotating frame about a fixed axis Ω ⊥ (or nutation in the laboratory frame), i.e. spin resonance, when ω = |Ω 0 |.
In traditional electron spin resonance (ESR), Ω 1 (t) is produced with alternating transverse magnetic fields ( )
µ Ω in the rotating frame. For many semiconductor systems such as quantum wells, the g-tensor is anisotropic (8, 9) and electric field-dependent (7). The possibility then arises of producing Ω 1 (t) with a voltage-controlled time-dependent g-tensor 
, and for small V 1 ,
in the rotating frame, where
. Thus, ( ) V t leads to precession in the rotating frame when ω = |Ω 0 |, i.e. g-TMR, in a manner analogous to ESR but without the use of time-dependent magnetic fields. GHz-frequency voltage control over electron spin dynamics is demonstrated within undoped 100 nm parabolic quantum wells (PQW) (10) grown by molecular beam epitaxy (11) . These PQWs allow electrical control of the electronic g-factor by displacing the wave function into a region with different material composition (7) . The PQWs are grown by varying the aluminum concentration x, ranging from 7% at the center to 40% at the barrier, to shape the conduction band into a parabolic potential. A back gate consisting of 50 nm of n-GaAs is located 1050 nm below the PQW, and is electrically isolated by 500 nm of low temperature grown GaAs (12) . Semi-transparent gates consisting of 50 Å of Ti and 50 Å of Au are evaporated on the surface. A small gate area (40 µm × 60 µm) keeps the capacitance of the structure low (~pF), and is essential for high-frequency operation. All voltages are measured relative to the back gate which is grounded.
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The initial spin coherence is produced using optical orientation, and subsequent electron spin dynamics are detected optically using time-resolved Kerr rotation (TRKR) and Faraday rotation (TRFR) spectroscopies. A mode-locked Ti:Sapphire laser, tuned to 760 nm unless otherwise noted (13) , produces a train of ~150 fs optical pulses which are split into a pump (950 µW) and a probe (50 µW for TRKR and 150 µW for TRFR) beams and focused to an overlapping ~30 µm spot on the sample. The circular polarization of the pump is modulated at f 1 =50 kHz using a photoelastic modulator, while the probe is linearly polarized. The pump creates an initial spin population in the PQW at time t = 0. The time-delayed probe (t = ∆t) polarization is rotated by an angle θ (∆t) which is proportional to the spin component along the optical path (14) . In the absence of a microwave driving voltage, the signal is well described by a decaying oscillatory form θ (t) = θ 0 exp(-t/T 2 * ) cos(Ω 0 t), where θ 0 is the initial amplitude, T 2 * is the inhomogeneous transverse spin lifetime, Ω 0 = gµ B B 0 / is the Larmor precession frequency, and B 0 is the magnitude of the applied magnetic field. To investigate the effect of applied microwave gate voltages, the repetition rate of the laser (76 MHz) is used to clock a phase-locked oscillator, generating microwaves at high harmonics f = ω/2π = n×76 MHz (26n % 1.976 GHz f 8.056 GHz), with incident powers around 10 mW (15) . A time-dependent voltage V(t) = V 0 + V 1 sin(ωt + φ) is applied to the front gate, where the relative phase φ between the microwave voltage and the pump pulse is adjustable. Depending on the measurement, either the probe beam or the microwave power is chopped at frequency 2 f and the response at 1 2 f f ± is detected using a lock-in amplifier. All measurements are performed at T = 5 K. Fig. 1A shows a typical TRKR scan in the Voigt geometry at a fixed magnetic field B 0 = 6 T in the presence of continuous microwave excitation (f = 2.356 GHz, φ = 0 rad, and V 0 = 0 V). The resulting data are well described by a decaying Larmor precession that is frequency modulated:
Here, Ω 0 is the average precession frequency and Ω // is the frequency modulation amplitude. Least-square fits to this equation allow T 2 * , Ω 0 , Ω // , and φ to be determined experimentally. Of these parameters, T 2 * , and Ω 0 are confirmed in independent measurements in the absence of microwave excitation. Fig.  1B and C show a series of TRKR scans taken as a function of φ and V 0 , respectively. The expected 2π periodicity is clearly seen in Fig. 1B , while Fig. 1C shows that V 0 can be independently varied, allowing tuning over Ω 0 /(2π) from 0 to 10 GHz. These results demonstrate that the electronic gfactor can be electrically modulated at microwave frequencies, with a frequency modulation amplitude as large as Ω // /(2π) ~ 300 MHz.
Assuming that the g-tensor for the PQW has one principal axis along the growth direction z and is isotropic in the plane of the well (16), the static precession vector can be written explicitly: Here, α is the angle between B 0 and the z-axis, g 90 and g 0 are the components of the g-tensor in the xy-plane and the zdirection, respectively ( Fig. 2A inset) . Measurement of Ω 0 in two inequivalent geometries in the absence of microwave excitation allows the two g-tensor components to be determined. TRKR performed in the Voigt geometry (α = 90ÛÃvryqÃg 90 , while α = 45ÛÃvryqÃ and Ω 0 is plotted in the inset. Ω 0 was reconstructed from these values, and is plotted in Fig. 2C for B 0 = 4 T and α = 45ÛÃÃDÃqrÃÃhpvrÃhpphrÃhyrÃsÃ the g-tensor components, care has been taken to minimize nuclear polarization by balancing the polarization of both the pump and the probe beams (17).
As a consequence of the anisotropic g-tensor, the direction of the precession axis can be modulated with a timedependent gate voltage. Modulation of the g-tensor leads to a change of the precession vector, which can be written in the rotating frame as: 
The inset in Fig. 2C illustrates how Ω 1 can be resolved into components parallel (Ω // ) and perpendicular (Ω ⊥ ) to Ω 0. Ω // is responsible for frequency-modulated spin precession, while Ω ⊥ causes g-TMR when the modulation frequency is in resonance with the spin precession. Microwave-induced changes in the Kerr signal at long delays, where transverse spin components have decayed, are used to detect g-TMR. Fig. 3A shows the microwave-induced TRKR signal as a function of B 0 and V 0 , for f = 2.660 GHz, φ = 0.55π rad, and t = 3 ns. The black squares represent the resonance condition ω = Ω 0 determined independently using a measurement similar to that of Fig. 2B , showing excellent agreement with the behavior for g-TMR. Given that the measurement axis is different from the precession axis, the line shape does not necessarily produce a simple Lorentzian. Tipping of spins towards the measurement axis results in a positive signal, whereas tipping away from it results in a negative signal. The direction of tipping depends on the microwave phase φ, producing different lineshapes (Fig. S1A and B) . Numerical simulation of the Bloch equations (18), shown as a blue line, yields good agreement with the overall shape. A tipping angle of ~2 degrees at t = 3 ns is inferred from fits to the simulation (19) and is limited by the relatively short T 2 * (~300 ps) in this sample. We note that the tipping angle can be increased in a structure with longer transverse spin lifetime or larger anisotropy.
To contrast the differences between g-TMR and ESR, the dependence of the resonance strength on sample angle α is explored. The strength of g-TMR is expected to depend strongly on α, vanishing when the field is aligned with a principal axis of the g-tensor (see Eq. 1). We demonstrate this dependence in Fig. 4 on a sample that has been prepared for transmission experiments. Microwave-induced TRFR is measured as a function of B 0 and φ at V 0 = -1 V, f = 2.964 GHz, and t = 3 ns. A Hall sensor on the sample stick is used to monitor the angle α. At each magnetic field the measured signal is averaged over φ (20) and typical data are plotted in Fig. 4A for α = -12ÛÃÃUurÃhrhÃsÃurÃrhxÃvÃ taken as a measure of the resonance strength, and is plotted as a function of α in Fig. 4B , along with a solid curve showing the expected behavior of g-TMR (21). A small vertical offset is observed, which could be attributed to conventional ESR arising from the driving currents, sample misalignment around the x-axis, or strain caused by substrate removal. ESR due to current-driven magnetic fields should peak at α = 0ÛÃ (22), and maximum magnetic field estimates of ~0.1 Gauss are too small to account for the offset. Sample misalignment is estimated to be < 2ÛÃuvpuÃhyÃryÃvÃhÃhyyÃ contribution for g-TMR (dotted line in Fig. 4B ). Whatever the origin of this offset, based on extrapolation of the solid curve in Fig. 4B , it is < 10% of the g-TMR signal at α = 45ÛÃ
These experimental results show that controlled electron spin precession about a tunable axis is possible using a single electrical gate. Therefore, a single voltage waveform could produce one qubit rotations of electron spins, similar to the case of superconducting qubits (23). Control over single spin operations is sufficient for universal quantum gating, provided there is a "backbone" of spin-spin interactions (24) . The control over electron spins without the use of microwave cavities or coils allows local manipulation and simpler device architectures. With improvements in the devices, it may be possible to use g-TMR to produce spin echoes, thereby extending the coherence time of electron spin ensembles. Ultimately, these electrical gates may be scaled down for operation on single spins and in quantum dots to form qubits. In principle, g-TMR is also applicable to other systems with anisotropic and tunable g-tensors, e.g., liquid crystals and engineered molecules. of the PQW to C 2v , breaking the degeneracy of g-tensor in the plane of the quantum well. We assume that this anisotropy is small and negligible for ease of analysis. 17. We minimized the nuclear polarization by making the g-TMR resonance positions at positive and negative fields symmetric. This does not eliminate nuclear polarization due to Zeeman splitting of electron spins, but we estimate the nuclear field to be less than 100 mT at 4 T. 18. F. Bloch, Phys. Rev. 70, 460 (1946) . 19. Since T 2 <<T 1 , the transverse component decays more rapidly than the longitudinal component. In the presence of microwave voltage, this results in a steady-state direction of spin vector that is tipped away from Ω 0 at and near resonance. The tipping angle we refer to is the angle between this steady-state direction and Ω 0 . It should also be noted that the simulation curve in Fig. 3B has been scaled up by a factor of ~200. 20. The signal was averaged from φ = 0 to 2π rad to reduce artifacts (see Ref. 14) and this makes the line shape closer to a Lorentzian. 21. For small modulations of Ω, the strength of g-TMR should be proportional to Ω ⊥
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